SUMMARY Orthodontic treatment is mainly dependent on the loads developed by metal wires. The load developed by a buckled orthodontic wire is of great concern for molar distalization and cannot be simply derived from mechanical properties measured through classical tests (i.e. tensile, torsion, and bending). A novel testing method, based on the Eulerian approach of a simple supported beam, has been developed in order to measure the load due to buckling of orthodontic wires. Elastic titanium molybdenum alloy (TMA; SDS Ormco) and superelastic Nitinol (3M Unitek) and copper nickel -titanium (NiTi; SDS Ormco) wires, each having a rectangular cross section of 0.016 × 0.022 square inches (0.41 × 0.56 mm 2 ), were used. The wires were activated and deactivated by loading and unloading. In order to analyse thermo-mechanical properties in buckling, mechanical tests were assisted by calorimetric measurements through differential scanning calorimetry (DSC). Statistical analysis to determine differences between the samples was undertaken using two-way analysis of variance (ANOVA) and Tukey's post hoc test, and one-way ANOVA to assess differences between the tested wires under similar conditions and different materials.
Introduction
The force developed by a deformed wire is transmitted to the teeth through fi xed appliances (e.g. brackets, molar bands, and tubes) and tooth movements are achieved. Therefore, the load generated by orthodontic wires is of importance in designing an appropriate treatment plan.
As reported by Andreasen and Hilleman (1971) , a nickeltitanium (NiTi) based alloy, Nitinol, was fi rst used for orthodontic applications at the beginning of 1960. This alloy contained 55 per cent nickel and 43 per cent titanium, with a stoichiometric balance of 1:1. Further research was then undertaken to assess the orthodontic capability of this material ( Andreasen et al. , 1985 ; Harris et al. , 1988 ) .
A new titanium alloy for orthodontic applications comprising 11 per cent molybdenum, 6 per cent zirconium, and 4 per cent beta titanium was proposed by Burstone and Goldberg (1980) . By tempering this alloy, an orthodontic wire is obtained with a combination of adequate spring back and low rigidity ( Kusy and Greenberg, 1982 ) . The elastic modulus of beta titanium is almost double that of Nitinol and half that of stainless steel ( Wen et al. , 1997 ) .
However, these wires behave as elastic materials; therefore, the developed load drops drastically as the movement of teeth is achieved. A variety of wires based on
The Eulerian buckling test for orthodontic wires R. De Santis * , F. Dolci ** , A. Laino *** , R. Martina *** , L. Ambrosio * and L. Nicolais * the superelastic feature of NiTi alloy are available ( Ingram et al. , 1986 ; Yoneyama et al. , 1992 ; Wen et al. , 1997 ) . Clinical trials clearly show the higher performance of superelastic compared with steel wires ( Weiland, 2003 ) . Superelastic alloys are nowadays common engineering materials adopted for several medical applications ( Duerig et al. , 1996 ; Thompson, 2000 ; Kusy, 2002 ) . These materials take advantage of the elastic and thermal deployment, kink resistance, constant unloading stress, and biomechanical and magnetic resonance compatibility ( Ingram et al. , 1986 ) .
Since the properties of superelastic wires are strongly dependent on temperature ( Tonner and Waters, 1994 ; Sakima et al. , 2006 ) , differential scanning calorimetry (DSC) has been used to investigate temperature transition ( Bradley et al. , 1996 ; Barwart et al. , 1999 ; Gil and Planell, 1999 ) .
Tensile tests provide a powerful tool to determine the mechanical behaviour of elastic and superelastic wires ( van der Wijst et al. , 1997 ; Lammering and Schmidt, 2001 ; Rucker and Kusy, 2002 ) . Since the properties of superelastic metal alloys depend on the testing mode, mechanical experiments have been also performed by cycling between the tension and the compression modes ( Liu et al. , 1999 ; Favier et al. , 2002 ) . However, in orthodontic applications, a wire is not purely stretched or compressed. Torsion tests have also been employed in order to determine mechanical properties of wires ( Filleul, 1989 ; Meling and Odegaard, 1998 ; Torrisi, 1999 ) . Bending tests represent the easiest way to characterise a wire by providing the load necessary to defl ect a wire for a given amount according to the cantilever ( Burstone et al. , 1985 ) and three-point bending ( Wilkinson et al. , 2002 ; Johnson, 2003 ) confi gurations. The simplicity of the bending test set-up has also favoured the evaluation of temperature dependence properties ( Tonner and Waters, 1994 ; Sakima et al. , 2006 ) .
Unfortunately, mechanical data based on classical tensile, torsion, and bending do not directly provide the load due to buckling that a wire is capable of transferring to teeth ( Nikolai and Chung, 1999 ; Raboud et al. , 2000 ) . Therefore, data based on tensile, torsion, and bending loads developed by orthodontic wires are important from an engineering point of view, but less useful in clinical practice involving buckling force.
An applied orthodontic wire releases the stored elastic energy to the teeth by transmitting loads and torques ( Rudolph et al. , 2001 ) . Often, the wire is intentionally deformed (e.g. bent or buckled) and joined to fi xed appliances (e.g. brackets, molar bands, and tubes) in order to treat Class II malocclusions ( Locatelli et al. , 1992 ; Kalra, 1995 ; Giancotti and Cozza, 1998 ; Akin et al. , 2006 ) . These clinical reports suggest that the main force component generated by the wire for distalizing molars is the load due to buckling ( Nikolai and Chung, 1999 ) . This force can be determined using the buckling approach and mechanical protocols for testing straight wires differ for the constraint conditions used at the ends of the wire ( Gere and Timoshenko, 1997 ). The fi xed-end conditions produce constraints on orthodontic wires that exceed those of the clinical setting ( Nikolai and Chung, 1999 ) . Therefore, loads due to buckling measured through fi xed-end conditions can be considered as an upper bound for the loads experienced by teeth during clinical applications.
The aim of this investigation was to assess the mechanical behaviour of elastic and superelastic orthodontic wires using a novel test based on the Eulerian buckling test of a uniform column, simply supported at its ends.
Materials and methods
Elastic titanium molybdenum alloy (TMA; SDS Ormco, Glendora, California, USA), Nitinol (3M Unitek, St Paul, Minnesota, USA), and copper NiTi (CuNiTi; SDS Ormco) wires, each having a rectangular cross section of 0.016 × 0.022 square inches (0.41 × 0.56 mm 2 ), were used.
DSC was carried out in order to determine the temperature transitions of these wires using the scanning calorimeter Q1000 (TA Instruments Waters LLC, New Castle, Delaware, USA). Specimens (average weight 6.5 ± 0.5 mg) were subjected to heating and cooling cycles between − 20 and 50°C at a rate of 10°C/minute. Five specimens for each type of wire were used.
Mechanical testing was performed according to the Euler buckling test. The experiments were carried out using the in-house-designed test fi xtures which allow for wire rotation around the pivot points of each hinge ( Figure 1 ). Buckling is generated along the short side of the cross-section of the wire. Compared with the fi xed-end protocol ( Nikolai and Chung, 1999 ) , this set-up confi guration is known as the simply supported buckling test.
Each extremity of the wire was crimped in an aluminium tube using a miniature Invecta cutter ODG-1021 (GAC Instruments Inc., Central Islip, New York, USA), adjusted with a stop screw to prevent damage. The tube was fi xed through a cylindrical hinge to the chuck of the Instron 4204 dynamometer (High Wycombe, Bucks, UK). Figure 1 shows the thermo-mechanical set-up used to deform orthodontic wires during buckling, consisting of a computer-controlled dynamometer equipped with a thermal chamber. According to the Eulerian approach, the wire was loaded through two parallel and opposite cylindrical hinges; therefore, torque was annulled by these mechanical joints and the force monitored by the loading cell along the axis of the dynamometer represented the buckling load ( F ).
Straight wires with lengths of 15, 20, 25, and 30 mm were deformed at a speed of 1 mm/minute and at a temperature of 37°C (±1.5°C). One hundred and twenty specimens for each type of wire were used and activated (maximum displacement) at 3, 6, and 9 mm. A load cell of 100 N was used for the wires of 15 mm, and a load cell of 10 N for wires with a length greater than 15 mm. Statistical differences among the samples were assessed using two-way analysis of variance (ANOVA) and the Tukey's post hoc test.
In order to investigate the effect of temperature on buckling behaviour, wires with a length of 20 mm underwent an activation of 6 mm. Fifty specimens for each type of wire were divided into fi ve samples according to temperature condition (24, 30, 37, 43, and 50°C) . The Fluke 51-2 digital thermometer (Fluke Corp., Everett, Washington, USA) was used to monitor temperature.
The effect of deformation rate on the buckling behaviour was investigated using wires with a length of 20 mm at 37°C (±1.5°C). Thirty specimens of each type of wire were characterized at a speed of 1, 10, and 100 mm/minute.
One-way ANOVA was used to assess statistical differences between wires tested under similar conditions and using differing types of material. This analysis was also used to investigate the effect of temperature on calorimetric and mechanical measurements, and the effect of speed on mechanical properties. Figure 2 shows the DSC profi les of the investigated orthodontic wires. Endothermic and exothermic processes on heating and cooling were evident for the Nitinol and CuNiTi wires. Therefore, these materials undergo a transition; a martensite -austenite transition was observed upon heating, while the reverse transition was detected on cooling. For TMA, a fl at profi le was observed, suggesting that this material does not undergo transition, at least in the investigated temperature range. Different start and fi nish transition temperatures were found for both Nitinol and CuNiTi wires and a higher specifi c heat on heating and cooling was measured for the CuNiTi sample ( Table 1 ) . On heating, the austenite fi nish (Af) temperature of both Nitinol and CuNiTi wires was lower than body temperature, suggesting that once these wires are applied, their state is austenitic. The Af temperature of CuNiTi was higher than that of NiTi ( P < 0.01). On cooling, the martensite start (Ms) and fi nish (Mf) temperatures of CuNiTi wires were lower than the Nitinol specimens ( P < 0.01). Moreover, the specifi c heat measured for CuNiTi was higher than that of Nitinol ( P < 0.01).
Results
The mechanical behaviour in buckling at 37°C of TMA, NiTi, and CuNiTi wires, with a length of 15 mm and activated up to 3, 6, and 9 mm, are shown in Figure 3 . Each load -displacement curve forms a hysteresis loop. A loop consists of loading and unloading steps representing the activation and deactivation phases. The activation phase of wires can be divided into two segments: a pre-and postbuckling activation ( Nikolai and Chung, 1999 ) . The end point of the steep slope which characterises the pre-buckling activation phase provides the critical load at which buckling occurs. However, data related to these measurements were widely scattered, preventing the statistical determination of the critical load between wires of the same length.
The post-buckling activation phase can be divided into two segments. The fi rst is a steep decreasing slope, and the second depends on the type and length of the wire. The profi le of this segment was a decreasing slope for TMA with a length of 15 mm ( Figure 3a ) . However, as the length of this wire was increased, the slope changed and an increasing slope was observed for TMA with a length of 30 mm. Decreasing profi les were instead always observed for NiTi Figure 2 Differential scanning calorimetry profi les of the investigated orthodontic wires. Endothermic and exothermic processes on heating (solid lines) and cooling (dashed lines) are evident for Nitinol and copper NiTi (nickel -titanium) wires. These materials undergo phase transition; martensite -austenite transition is observed on heating, while the reverse transition occurs on cooling.
and CuNiTi wires ( Figure 3b ,c ), suggesting that these materials undergo austenite -martensite transition.
The start force during the deactivation phase depends on the type, the length, and the maximum deformation of the wire. Higher values were measured for TMA. The start force value for NiTi and CuNiTi wires decreased as the length of the wire or the maximum deformation was increased. Table 2 shows the magnitude of this load measured at 37°C, and the results of the two-way ANOVA are reported in Table 3 . TMA provided force values higher than NiTi and CuNiTi ( P < 0.01) for every wire length and for each activation. The start deactivation force of NiTi wires with a length of 15 and 20 mm was higher than the corresponding CuNiTi values ( P < 0.01) but only for an activation of 3 mm. A weaker statistical difference ( P < 0.05) was observed between NiTi and CuNiTi wires with a length greater than 20 mm or activated at 6 and 9 mm. For each type of wire, the statistical signifi cance of the main effects (wire length and activation amount) and of the interaction (length × activation) can be deduced from Table 3 . The F value represents the ratio of the variance from the particular source effect relative to error variance. For each type of wire, both the length and activation provided F > 1 and signifi cance level of P < 0.01; therefore, these effects are signifi cant. For each type of wire, Tukey's post hoc test suggests that the mean difference was signifi cant at the 0.01 level for both wire length and activation amount.
The results shown in Table 3 suggest that TMA is very sensitive to the length of the wire while NiTi and CuNiTi are very sensitive to the amount of activation. These results are consistent with the profi les of the loads due to buckling as a function of the activation amount ( Figure 3 ). The signifi cant interaction effect observed for TMA ( Table 3 ) indicates that the differences between the wire length depend on the amout of activation. The force value of TMA activated at 3 mm was higher than that measured after 6 mm activation ( P < 0.01) but only for lengths of 15 and 20 mm. An inverse trend of the force versus activation amount was observed for TMA wires with a length of 25 and 30 mm. The F value and the signifi cance level of the interaction effect observed for NiTi ( Table 3 ) suggest that wire length differences did not depend on the level of activation amount. For all wire lengths, the force measured for NiTi ( Figure 3 and Table 2 ) activated at 3 mm was higher than that measured after 6 mm of activation ( P < 0.01). Similar Table 1 Calorimetric properties of the investigated wires. As, Af, Ms, and Mf denote the austenite start and fi nish temperatures and the martensite start and fi nish temperatures, respectively. Endothermic and exothermic specifi c heat on heating and cooling are indicated with a negative or positive sign, respectively. Each number represents the average value obtained over fi ve measurements. Numbers in brackets represent standard deviations.
Heating Cooling results were found for CuNiTi wire and a weak interaction effect was observed ( Table 3 ). Figure 3 shows that the profi le of the deactivation phase depends on the material. TMA ( Figure 3a ) showed the typical behaviour of elastic materials which undergo plastic deformation during the activation phase. The load dropped to zero following a steep slope. For TMA wires with a length of 15 mm activated at 9 mm, a maximum permanent deformation of 1 mm was measured. Different deactivation profi les were observed for superelastic wires ( Figure 4b,c ) . The deactivation phase of NiTi and CuNiTi wires can be divided into two segments: post-buckling deactivation and unbuckled deactivation ( Nikolai and Chung, 1999 ) . A minimum in the post-buckling deactivation segment was evident for superelastic wires, suggesting that the martensite -austenite transition was occurring. This transition is stress driven and the plateau in the post-buckling deactivation segment represents the ability of the orthodontic wire to apply a load to the bonded teeth at a fairly constant value over a wide range of deformation.
The effect of temperature on the deactivation phase is shown in Figure 4 . The behaviour of TMA ( Figure 4a ) was independent of temperature, while a strong dependence was observed for NiTi and CuNiTi ( Figure 4b,c ) . At room temperature, during unloading, the buckling load developed by the superelastic wires was fairly low and a plastic deformation of each wire was observed as the load app roached zero ( Figure 4b,c ) . This plastic deformation can be ascribed to the martensite phase. In fact, room temperature is below Af temperatures of both Nitinol and CuNiTi ( Figure  2 , Table 1 ). Therefore, at a temperature below Af, after removal of the buckling load, only a partial recovery of the deformation was observed. However, different behaviour was noted when testing at temperatures above Af (e.g. body temperature). Figure 4b ,c shows that NiTi and CuNiTi recovered the whole deformation as the buckling load was removed at 37°C. Therefore, on unloading, complete transition to the austenitic phase was achieved.
The deactivation start force for both NiTi and CuNiTi measured at 50°C was higher than that measured at 37°C ( P < 0.01). For both superelastic wires, an increase of approximately 1 N was measured in post-buckling deactivation ( Figure 4b,c ) as the temperature was raised from 24 to 50°C. Therefore, the effect of temperature on the load developed by NiTi and CuNiTi wires with a length of 20 mm is approximately 4 g/°C. Figure 4b ,c also shows that the minimum value in the post-buckling deactivation segment shifted to higher displacement values as the temperature was increased, suggesting that this minimum depends on the martensite -austenite transition. Figure 5 shows the effect of the deformation rate on the de activation phase at 37°C. The behaviour of TMA ( Figure 5a ) was independent of deformation rate, while a marked dependence on the deformation rate was observed for NiTi and CuNiTi ( Figure 5b,c ) . The deactivation start force of NiTi measured at 100 mm/minute was higher than that measured at 1 mm/minute ( P < 0.01). The minimum value in the post-buckling deactivation segment shifted to a higher displacement level as the deformation rate decreased. The peak value, which divides the post-buckling and the unbuckled deactivation segments, shifted to a higher load as the deformation rate was decreased. Similar results were observed for CuNiTi ( Figure 5c ). Comparison of Figures  4b,c and 5b,c demonstrates that the effect due to an increase in temperature was comparable with the effect resulting from a decrease in the deformation rate.
Discussion
An applied orthodontic wire releases the stored elastic energy to the teeth by transmitting loads and torques ( Rudolph et al. , 2001 ) . A wire deformed similar to that shown in Figure 1 is often used to treat Class II malocclusions ( Locatelli et al. , 1992 ; Kalra, 1995 ; Giancotti and Cozza, 1998 ; Akin et al. , 2006 ) . The deformation of a wire achieved through buckling is similar to that obtained through a standard bending test. However, the transverse load measured using the standard three-point bending test is different from that measured with the buckling test ( Nikolai and Chung, 1999 ) . The load due to buckling ( Figure 1 ) is more appropriate to describe the load involved in molar distalization.
Proportionality between the applied load and defl ection was observed for wires tested in bending using a span of 14 mm ( Garrec et al. , 2005 ) . Figure 3 shows that in the postbuckling activation, the loads of wires with a length of 15 mm were inversely proportional to the amount of activation. This load decrease was also related to a reduction of the elastic modulus for superelastic wires since a phase transition occurs ( Figure 3b,c ) . However, a decreasing trend in the post-buckling deactivation segment was evident for the elastic TMA ( Figure 3a ) . Interestingly, this trend changed as the wire length was increased ( Table 2 ) . Therefore, forces measured through bending are different from those measured through buckling, also from a qualitative point of view.
Proportionality between the applied load and stiffness has been detected through tensile ( Rucker and Kusy, 2002 ) , torsion ( Filleul, 1989 ) , and bending ( Garrec et al. , 2005 ) tests. This result is similar for buckling tests through both the simply supported confi guration ( Figure 3 , Table 2 ) and the fi xed-ends confi guration ( Nikolai and Chung, 1999 ) . Stiffness is the product between the elastic modulus and a geometric property (e.g. the second moment of area). Therefore, both Young's modulus (type of wire) and the thickness of the wire can be conveniently chosen in order to tailor the load for the specifi c treatment plan. In the present experiments, wires with similar dimensions were used; thus, wire stiffness differs only for Young's modulus. Figure 3 shows that the critical load which induces buckling (the peak in the activation phase, which separates the unbuckling from the buckling segment) is reduced by approximately onethird for superelastic wires, which is consistent with stiffness measurements of beta titanium and austenitic NiTi ( Burstone and Goldberg, 1980 ; Rucker and Kusy, 2002 ; Johnson, 2003 ; Garrec et al. , 2005 ) . The slight difference between NiTi and CuNiTi in the critical load due to buckling ( Figure 3b,c ) can be related to the lower stiffness measured for CuNiTi ( Wilkinson et al. , 2002 ) . The decrease of the load observed for NiTi and CuNiTi as the amount of activation is increased ( Figure 3 , Table 2 ) can be related to the decrease in Young's modulus due to phase transformation ( Garrec et al. , 2005 ) . These results clearly indicate that wire length and the amount of activation represent a powerful tool for calibrating the load in clinical trials. Elastic TMA is very sensitive to the length of the wire, while superelastic wires are very sensitive to the amount of activation ( Table 3 ) .
The effects of temperature on the load due to buckling ( Figure 4 ) are consistent, from a qualitative point of view, with the results obtained through bending tests ( Wilkinson et al. , 2002 ) . The load values for TMA ( Figure 4a ) showed little variation as the temperature was increased or decreased, while NiTi and CuNiTi ( Figure 4b,c ) were very sensitive to temperature. An increase of approximately 1 N was measured as the temperature was increased from 24 to 50°C; thus, the effect of temperature can be estimated to be approximately 4 g/°C for a wire with a length of 20 mm. The temperature of an archwire over a daily period is reported to be between 33 and 37°C for 79 per cent of this period ( Moore et al. , 1999 ) . Although this temperature range is low, the effect on the load variation developed by superelastic wires is expected to be about 15 per cent. A more signifi cant effect of temperature on the load developed by wires is expected for the remaining 21 per cent of a daily period. Figure 4 shows that load variation of superelastic wires can be as high as 100 per cent, which is consistent with bending tests results ( Wilkinson et al. , 2002 ) . It is diffi cult to determine the clinical implications of load variation due to temperature of an applied superelastic wire. It is reported that teeth activated with superelastic wires move signifi cantly more than teeth moved with steel wires ( Weiland, 2003 ) . The reason for the higher performance of superelastic wires is generally ascribed to the fairly constant value over a wide range of deformation ( Duerig et al. , 1996 ; Auricchio et al. , 2004 ) in contrast to the load decrease generally observed for other type of wires ( Figure 3 ) . However, temperature effects are insignifi cant ( Figure 4 ) and it is incorrect to state that the load developed by applied superelastic wires is almost constant. On the other hand, mechanisms for bone adaptation involve a process of cellular mechanotransduction driven by dynamic rather than static loading ( Turner and Pavalko, 1998 ; Gross et al. , 2002 ) . Therefore, the higher performance of superelastic wire may be related to the pronounced dynamics of the load in relation to temperature variations.
Superelastic wires are also sensitive to deformation rate ( Figure 5b,c ) . The effect on the load due to an increase of deformation rate is similar to the effect due to a decrease of temperature ( Figure 4b,c ) . This is important from an engineering point of view, suggesting a simplifi cation of mechanical models of superelastic wires in the timetemperature domain. The deformation rate of an applied orthodontic wire is very slow compared with those used in vitro . Thus, deactivation loads measured through mechanical tests may underestimate the loads experienced by teeth.
From a qualitative point of view, the results obtained by measuring loads due to buckling at 37°C using the simply supported condition ( Figure 3 , Table 2 ) corroborate the fi ndings of Nikolai and Chung (1999) measured through the fi xed-end condition. From a quantitative point of view, load measurements using the fi xed-end condition can be considered as an upper bound for the loads produced by wires in a clinical setting. The results obtained through the simply supported condition represent a lower bound for the loads experienced by teeth in clinical trials.
Conclusions
Following the Eulerian approach, a novel method is introduced to accurately measure the buckling load developed by orthodontic wires. The results of this study show the following.
1. TMA develops a higher force than NiTi and CuNiTi wires but this force drops to zero during unloading following a steep slope. 2. At 37°C and upon unloading, the superelastic feature of NiTi and CuNiTi is manifested through a fairly constant value of the load over a wide range of deformation. 3. For superelastic wires, the load due to buckling decreases as the wire length or the amount of activation is increased.
4. At body temperature, the start force level on deactivation of NiTi wires is slightly higher than that of CuNiTi wires, thus suggesting that copper softens the alloy structure. 5. The load due to buckling of superelastic wires is temperature and time dependent (i.e. strain rate dependent). The effect on the load due to an increase of deformation rate is similar to the effect due to a decrease of temperature. 6. Load variation of superelastic wires due to temperature change in the oral environment may support the hypothesis that the high performance of superelastic wires is related to the high dynamics of these wires. 7. Loads measured through the simply supported condition and those measured through the fi xed-end condition can be considered as a lower and upper bound for the load developed by a wire in a clinical setting.
Address for correspondence
Roberto 
